Objective: To describe the clinical presentation and laboratory diagnosis of pregnant women with respiratory syncytial virus (RSV) infection. Methods: Pregnant women in their second and third trimester were enrolled during the course of routine prenatal care visits when they were asymptomatic within the preceding two weeks (healthy controls) or when they reported symptoms of acute respiratory illness (ARI) of 7 days of duration (cases). Clinical outcomes were assessed at enrollment and two weeks after. Re-enrollment was allowed. Nasalpharyngeal secretions were evaluated for respiratory pathogens by real-time reverse transcription polymerase chain reaction (PCR). Sera were tested for RSV-specific antibody responses by Western Blot, microneutralization assay, and palivizumab competitive antibody assay. Results: During the 2015-2016 respiratory virus season, 7 of 65 (11%) pregnant women with ARI at their initial enrollment and 8 of 77 (10%) pregnant women with ARI during the study period (initial or reenrollment) had PCR-confirmed RSV infection. Four (50%) PCR-confirmed RSV ARI cases reported symptoms of a lower respiratory tract illness (LRTI), one was hospitalized. Combining PCR and serology data, the RSV attack rate at initial enrollment was 12% (8 of 65), and 13% (10 of 77) based on ARI episodes. Among healthy controls, 28 of 88 (32%) had a Western Blot profile suggestive of a recent RSV infection either in the prior and/or current season. Conclusion: RSV had an attack rate of 10-13% among ambulatory pregnant women receiving routine prenatal care during the respiratory virus season. The serology results of healthy controls suggest a potentially higher attack rate. Future studies should be aware of the combined diagnostic strength of PCR and serology to identify RSV infection. As maternal RSV vaccine candidates are evaluated to protect young infants, additional priority should be placed on outcomes of pregnant women.
Introduction
Infection with respiratory pathogens during pregnancy can result in mild to severe acute respiratory illness (ARI). Due to the physiologic changes that occur during pregnancy, pregnant women may experience severe outcomes when infected with a respiratory pathogen [1] . Infection with influenza during pregnancy has been associated with an increased risk of maternal mortality, preterm birth, and infants that are small for gestational age [2, 3] . To prevent these adverse maternal and fetal outcomes, the Advisory Committee on Immunization Practices (ACIP) of the Centers for Disease Control and Prevention recommends immunization with influenza vaccine during pregnancy [4] . The ACIP also recommends maternal immunization with the Tetanus-Diphtheria-acellular Pertussis (Tdap) vaccine [5] given that, although adult infection with pertussis is often mild, maternal antibodies transferred to the infant can prevent pertussis-related morbidity and mortality in this vulnerable age group [6] .
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Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract illness (LRTI) among infants and young children, contributing significantly to morbidity and mortality in these populations [7] [8] [9] . There is currently a robust pipeline of RSV vaccine candidates in various preclinical and clinical phases of development. One strategy targets protection of infants less than three months of age through maternal vaccination. Maternal RSV antibodies are efficiently transferred transplacentally to the fetus during gestation, and have been associated with decreased risk of RSV infection in young infants [10] [11] [12] . For this reason, maternal immunization appears to be a promising strategy to prevent severe RSV disease in infants. However, the direct benefit to pregnant women from maternal immunization against RSV is currently unknown.
Maternal RSV infection has not been well defined, both in regards to rate of infection and consequences of infection. A case-series study was the first to describe severe RSV infection during pregnancy: two of the three cases were hospitalized and required mechanical ventilation [13] . In addition, several large prospective maternal cohort studies of influenza-like illness (ILI) evaluated during influenza vaccine trials have described maternal RSV infection incidences of 3.9/1000 person-years in Nepal, 5.3/1000 person-months in South Africa, and 0.3/1000 persondays in Mongolia [14] [15] [16] . Recently, a retrospective multicountry study of ARI-related hospitalizations among pregnant women identified 846 women who were tested for RSV during the influenza season, 21 (2.5%) had detectable RSV by real-time reverse transcription polymerase chain reaction (PCR) [17] . Of the 21 cases, 13 had a pregnancy complication, 8 were diagnosed with pneumonia, and 6 had subsequent preterm birth. We previously described the frequency and clinical impact of respiratory viruses in women seen during the second and third trimester of pregnancy at a primary obstetrical and gynecological clinic [18] . In this manuscript we expand on the clinical and diagnostic laboratory findings of pregnant women infected with RSV.
Materials and methods

Study design
Detailed methods for patient enrollment and sample collection have been previously published [18] . In summary, pregnant women in their second or third trimester of gestation were enrolled from November 3 through May 10, during the 2015-2016 respiratory virus season, as defined by local surveillance, as they received routine prenatal care at an obstetrical/gynecological clinic in Houston, Texas, whether they were asymptomatic in the prior two weeks (healthy controls) or when they had selfreported symptoms of ARI (rhinorrhea, sore throat, cough, difficulty breathing or shortness of breath, wheezing, or cyanosis) in the prior seven days (cases) (Fig. 1) . Upper respiratory tract illness (URTI) was defined as the presence of any of the following: rhinorrhea, sore throat, or cough. LRTI was defined as the presence of any of the following: difficulty breathing or shortness of breath, wheezing, or cyanosis. At any point in the study, healthy controls were allowed to re-enroll if they developed an ARI, and those initially enrolled with ARI were allowed to re-enroll (1) if they developed a new ARI, or (2) as a healthy control.
This study was approved by the Institutional Review Board of Baylor College of Medicine. Written informed consent was obtained. Nasal-pharyngeal secretions and serum samples for both ARI cases and healthy controls were obtained at enrollment. Clinical outcomes were assessed at enrollment and at a two-week phone follow-up. Each subsequent enrollment was treated as a new event, with collection of nasal-pharyngeal secretions and serum samples at re-enrollment, as well as clinical outcomes two weeks later.
Case definitions, PCR, and serological assays
The rate of PCR-confirmed RSV ARI in pregnant women was calculated by two approaches. The first was based on the participants' ARI vs. healthy status at first enrollment (65 ARI cases and 90 controls). The second approach was based on the first ARI episode and includes those women who were first enrolled as healthy and subsequently re-enrolled as an ARI case (77 ARI cases and 78 controls).
RSV infection was determined by PCR or serology. ARI was attributed to RSV infection if RSV PCR was positive. Acute RSV infection diagnosed by serology required at least two serum samples more than two weeks apart to observe a four-fold or greater increase in RSV specific neutralizing antibody titer or a Western Blot infection profile. However, because the serum samples did not bracket a particular ARI, the viral cause of the ARI could not be definitively confirmed. When only one serum sample was available that had a Western Blot profile consistent with infection subjects were designated as having had a recent prior RSV infection [21, 22] .
PCR: The PCR assays were performed as previously described, in a CLIA certified Respiratory Virus Diagnostic laboratory (CLIA ID# 45D0919666). Nasal-pharyngeal secretions were evaluated for a number of respiratory pathogens, including RSV/A and /B [18] [19] [20] .
Western Blot: The RSV-Western Blot assay was utilized to determine serological evidence of a recent prior RSV infection when only one serum sample was available or of an acute serologic infection when two or more serum samples were available for analysis. This was done by evaluating antibody binding patterns to internal [nucleoprotein (N), phosphoprotein (P) and matrix-2 (M2-1)], and surface [attachment (G) and fusion (F)] RSV proteins, as previously described [21, 22] . A recent prior RSV infection was suggested by detecting bands to one or more internal viral proteins in a single serum sample, and an acute serologic RSV infection was identified when there was an increase or new RSV protein band(s) identified in the second serum sample compared to the first serum sample. Previous studies indicate that the banding patterns seen with a recent prior RSV infection suggest that a person has been infected sometime within the last year [21, 22] .
Microneutralization Assay: Serum neutralizing antibodies against RSV/A (Tracy) and RSV/B (18537) were quantified using a previously described qualified microneutralization assays [23] . Neutralizing antibody titers were defined as the final dilution at which there was a 50% reduction in viral cytopathic effect (CPE). The lowest limit of detection was 2.5 log 2 . Any sample resulting in a titer below the lower limit of detection was assigned a value of 2.0 log 2 . Individuals who developed a four-fold or greater rise in neutralizing antibody titer between the serum samples collected at enrollment and subsequent re-enrollment were reported to have an acute serologic RSV infection.
Palivizumab Competitive Antibody Assay (PCA): A PCA assay was performed as previously described to detect the concentration of palivizumab-like antibodies (PLA) that compete with biotinylated palivizumab for binding to antigenic site II of the fusion protein of RSV [24] . The source of the fusion protein was from sucrose purified RSV/A/Bernett (GA1 genotype) that was coated onto the 96-well plate for 18 h. The lower limit of detection was 1 lg/mL.
Those samples with undetectable levels of PLA were assigned a value of 0.5 lg/mL.
RSV season
Data from the Texas Department of State Health Services were utilized to define the RSV season [26] . For Houston, the 2015-2016 RSV season was defined as the timeframe in which the percentage of positive RSV antigen tests rose above the 10% threshold (onset, week 43) and decline below 10% threshold (end of season, week 12).
Statistics
A 5-15% incidence of community acquired RSV was used to estimate sample size. A total of 150 or 71 subjects per group were required for 5% or 10% respective incidence rates of RSV infection to show a 5% difference in RSV incidence between RSV-infected pregnant women and healthy pregnant women using a power of 80% and an alpha level of 0.05.
Frequencies of demographic, clinical data, and laboratory findings were determined for RSV-infected and healthy control groups. Frequency distributions between groups were compared using Fisher's exact test. An independent t-test or Kruskal-Wallis test was conducted to compare mean or median values of continuous demographic and clinical data between groups. The geometric mean ratio (GMR) with a 95% confidence interval was calculated to compare the difference in the geometric mean titers (GMT) of the serologic data between groups. Stata software version 14.2 was used to perform all statistical analyses [25] .
Results
Population
At their first enrollment there were 65 pregnant women with ARI and 90 healthy pregnant women controls. Twelve of the ninety healthy pregnant women controls were re-enrolled later during the RSV season with ARI. Similarly two pregnant women with ARI at their initial enrollment were re-enrolled twice more with new ARI. [18] .
PCR positive RSV ARI rates
Among the 65 pregnant women with ARI at their initial enrollment, 39 (60%) had PCR evidence of a respiratory pathogen, of which seven (11%) were PCR-confirmed RSV infections. When expanded to include all women with an ARI during the study period, among 77 enrolled pregnant women with an ARI, 47 (61%) had PCR evidence of a respiratory pathogen, and eight (10%) were PCRconfirmed RSV infections. Thus, the rate of RSV ARI by initial enrollment during the RSV season was 11% (7 of 65) and by ARI episode it was 10% (8 of 77).
Clinical presentation of PCR positive RSV cases
We compared women with PCR-confirmed RSV infection (n = 8) to pregnant women who were enrolled as healthy controls (n = 90). There were no significant differences between pregnant women with PCR-confirmed RSV and healthy pregnant women controls in regards to demographics or medical history (Table 1) . Asthma was uncommon in both groups and allergies were reported by three (38%) individuals with PCR-confirmed RSV and 42 (47%) healthy pregnant women. Co-morbidities and complications in current or previous pregnancies were similarly infrequent in both groups.
All patients with PCR-confirmed RSV reported symptoms of ARI in the week prior to enrollment ( Table 2 ). The time post-onset of symptoms at enrollment ranged from 1 day to 9 days, except for one individual who reported 25 days of symptoms. Cough (n = 7/8), congestion (7/8), and sore throat (6/8) were the most common symptoms among those with PCR-confirmed RSV ARI. Three (37.5%) patients reported fever. Four (50%) patients with PCR-confirmed RSV infection reported symptoms of an upper respiratory illness (congestion, sore throat, or cough), and all had symptom onset <6 days prior to enrollment. Four of eight women (50%) with PCR-confirmed RSV had symptoms consistent with a LRTI (shortness of breath or wheezing) and all were 6 days post-onset of symptoms. These four individuals also reported fever, chest pain, nausea or diarrhea, loss of appetite, and decreased activity with a greater frequency ( Table 2 ). All women with RSV-LRTI also reported a previous ARI during their pregnancy, one of which developed into pneumonia.
Most women with PCR-confirmed RSV ARI were seen at the obstetrics and gynecology clinic, and one patient was hospitalized. This patient presented during the peak of the RSV season with sudden onset of fever and uterine contractions. She was a 35-year-old, gravida 5, para 1, 35 weeks of gestation with dichorionic diamniotic twins. The physical exam was significant for left costovertebral angle and flank pain; she reported general malaise. The patient was started on antibiotics and supportive care. During her stay she developed symptoms of LRTI and was treated with azithromycin. Within 48 h, symptoms improved and the patient was discharged. Pregnant women in their second or third trimester of gestation were enrolled if they were asymptomatic (healthy controls) in the prior two weeks or if they had symptoms of ARI in the prior seven days. At any point in the study, pregnant women were allowed to re-enroll. The total number of women initially enrolled with symptoms of ARI was 65. Taking into consideration those 12 healthy controls who reenrolled when they developed symptoms of ARI, the total number of women with ARI during the study period was 77. The total number of women who re-enrolled was 15.
She was enrolled into the study five days after hospital discharge and was still reporting congestion, cough, and sore throat. These symptoms resolved 10 days after discharge.
The duration of illness for women with PCR-confirmed RSV ranged from 7 to 30 days. In general, those who were enrolled later in their illness (6 days) experienced a longer illness. Two women (25%) continued to report symptoms when contacted at their two-week follow-up (Table 2) . Four (50%) reported the use of over-the-counter medications, including antihistamines, cough medicine, and pain relievers. Two (25%) were prescribed medications, including antibiotics and inhaled glucocorticoid.
RSV cases identified by serology
Of the three pregnant women with ARI at their initial enrollment who subsequently re-enrolled in the study, one exhibited an acute serologic RSV infection profile. In addition, of the twelve women initially enrolled as healthy controls who later reenrolled in the study with ARI symptoms, two exhibited an acute serologic RSV infection profile (Table 3 ). In total, 3 (20%) of 15 pregnant women had serologic evidence of RSV infection. None of these individuals had PCR-confirmed RSV. One woman (Case 9) was initially enrolled as healthy control, but developed symptoms of an ARI by her two-week follow-up, and was secondarily enrolled as an ARI case. Similarly, Case 10 was also enrolled as healthy control and reported symptoms of ARI at two weeks. However, she was not re-enrolled into the study until 30 days after her first enrollment when she reported an additional instance of ARI. Case 11 was initially enrolled with ARI and 7 weeks later enrolled a second time as a healthy control.
In combining the PCR and serology data, the RSV attack rate based on health status at initial enrollment during the RSV season was 12% (8 of 65) and by ARI episode it was 13% (10 of 77).
Recent prior RSV infection by Western Blot
The majority of patients did not re-enroll in the study and, as a result, only had one serum sample available for Western Blot analysis. Of the eight patients with PCR-confirmed RSV, six did not have Western Blot evidence of a recent prior RSV infection (Table 4) . These six individuals were enrolled early in their infection (1-8 days of illness onset) and therefore we did not expect to observe an antibody response to their RSV infection. Two patients with PCR-confirmed RSV had serologic evidence of a recent prior RSV infection profile; these two individuals were enrolled on days 9 and 25 of their illness onset. Of the 88 healthy controls enrolled during the RSV season, 28 (31%) had a Western Blot profile consistent with recent prior RSV infection.
It would be expected that if RSV infection occurred during the RSV season, the greatest proportion of women with a recent prior RSV infection would occur later into the season when (1) greater exposure to RSV has occurred, and (2) time to develop an immune response following the RSV infection has elapsed. In Houston, the RSV season began on CDC week 43 and peaked weeks 3-4, ending week 12 (Fig. 2) . Overall, the rate of patient enrollment was greatest in the first third of the RSV season (weeks 43-50). The proportion of healthy controls with serologic evidence of a recent prior RSV infection significantly increased from 21% (13/62) in the first third of the RSV season, to 43% (6/14) in the second third, and 64% (9/14) in the last third (p < 0.004). In addition, two healthy controls were enrolled shortly after the end of the RSV season (weeks 13 and 15) and are included in Fig. 2 .
Serum neutralizing antibody and Palivizumab-Like Antibody (PLA) results
Healthy controls had serum neutralizing antibody GMT of 173.5 for RSV/A and171.7 for RSV/B, while the GMTs for women with PCR-confirmed RSV were 245.1 and 234.8, respectively. The two women with PCR-confirmed RSV who were enrolled on days 9 and 25 (Table 4) of their illness had RSV/A neutralizing antibody titer (reciprocal value) of 724 and 512 and RSV/B neutralizing antibody levels of 1024 and 724. In comparing healthy pregnant women controls with no serologic evidence of RSV infection (n = 62) and healthy pregnant women controls with a recent prior RSV infection profile (n = 28), the GMT of neutralizing antibodies for RSV/A (167.4, 95% CI: 133.7-209.5 versus 187.9, 95% CI: 147.3-239.7) and RSV/B (167.4, 95% CI: 123.6-226.7, versus 181.5, 95% CI: 119.8-274.9) were similar.
The geometric mean of PLA concentration of healthy controls (6.4 mg/mL) was similar to that of women with PCR-confirmed RSV (5.8 mg/mL). However, those two individuals with PCRconfirmed RSV infection who were enrolled later in their illness (days 9 and 25) had comparatively greater levels of PLA, 25.3 lg/mL and 10.5 lg/mL respectively.
Discussion
PCR-confirmed RSV contributed to 10 or 11% of ARI cases based on initial enrollment status or first ARI episode, respectively, among pregnant women in our study. Because we enrolled women seen at an outpatient clinic regardless of history of fever, we were able to capture the full range of clinical manifestations of RSV infection in pregnancy without a selection bias for severe or concurrent disease. We found that 50% (4/8) of the pregnant women with PCR-confirmed RSV had symptoms of LRTI; this included one woman who was hospitalized, possibly related to her RSV illness.
Previous studies have documented the combined diagnostic strength of PCR and serology [26, 27] . Utilizing both techniques we identified RSV infection in acute samples by PCR and convalescent samples by serology. RSV was identified by PCR in 11% (7/65) of pregnant women with symptoms of ARI at their initial enrollment. Taking into account one additional woman who exhibited an acute serologic RSV infection, the RSV attack rate was at least 12% (8/65) of ARI cases. An RSV attack rate as high as 13% (10/77) is estimated if calculated using the first ARI episode. This is substantial given that the RSV season in Houston was relatively mild compared to previous years [28] , and greater than reported by maternal studies of respiratory illness in Nepal and Mongolia, where RSV accounted for 2% and 2.4% of ARI cases, respectively [14, 15] . However, because fever was an inclusion criteria for those studies, and fever occurs in less than one-third of adult RSV infections, these numbers may be an underestimate [29] . Our attack rate of 12-13% is similar to that of other studies with broad ARI inclusion criteria in adults. In a four year study of ARI in high risk adults, RSV was detected in 46 of 519 (10%) cases [9] . Similarly, a 20-year study of otherwise healthy adults found that 7% of individuals with respiratory illness were infected with RSV [30] .
Nearly one-third (32%, 28/88) of healthy pregnant women enrolled during the RSV season had evidence of a Western Blot profile consistent with a recent prior RSV infection and, based on serology, 2 of 12 (16.7%) healthy pregnant women went on to develop an RSV infection during the RSV season. Recent studies have reported findings wherein at least 20% of women of childbearing age had serologic evidence of an acute RSV infection [21, 31] . In our study, the percentage of healthy pregnant women with a Western Blot profile of a recent prior RSV infection increased significantly as the RSV season progressed. These women had enrollment dates that followed the peak of RSV illness in Houston. This suggests that these healthy controls may have been infected with RSV during the course of this study. A caveat in our method of defining the RSV season is the use of the RSV antigen test as a marker for infection. A recent study found that utilizing PCR as an alternative diagnostic tool allows for a more expanded RSV season and, as a result, an increase in the RSV cases reported [32] .
RSV infection during pregnancy resulted in a range of clinical manifestation of ARI illnesses. Cough, congestion, and sore throat were the most common symptoms among those with PCRconfirmed RSV. In previous studies of ILI, pregnant women with RSV generally reported a mild, febrile illness restricted to the upper airways [14, 15] . In our study women who reported fever also had symptoms of LRTI. Although none of the women were diagnosed with pneumonia, the morbidity attributable to RSV was significant. One woman did report symptoms of LRTI during hospitalization for fever and uterine contractions and was found to have PCRconfirmed RSV several days after hospital discharge. She, like those in the case-series by Wheeler et al, reported co-morbidities that may have put her at risk for a more serious illness [13] .
Due to differences in study design and sample collection, it is difficult to make comparisons between our study and others that have documented maternal RSV infection. Three of the previous studies were prospective, wherein a participant was actively followed during the RSV season by weekly visits or telephone calls, sampled when she became ill, and followed for clinical outcomes through the duration of her pregnancy [14] [15] [16] . However, these study participants were only sampled when they reported ILI or sought medical attention for their respiratory illness. The retrospective case-series describes three patients identified through tertiary care records [13] . These studies may select for a more severe illness or illness restricted to ILI. Conversely, in our study we captured women in different stages of their illness.
Of the eight women with PCR-confirmed RSV, only two had serological evidence of a recent prior RSV infection by Western Blot. Both were enrolled well into their illness, at 9 and 25 days, giving them time to develop an RSV specific immunological response. This is also evident by their comparatively greater levels of neutralizing antibodies and palivizumab-like antibodies [9, 33] . Three women who were re-enrolled and had paired sera, exhibited an RSV infection profile despite negative PCR. It is likely that these women were exposed to RSV sometime between their first and second enrollment visit. Although we cannot definitively establish causality, it is possible that RSV infection was responsible for some or all of the symptoms these three women reported. Twenty-eight healthy controls had serologic evidence of a recent prior RSV infection by Western Blot testing of a single serum sample, suggesting they had been infected with RSV at sometime within the year.
The proportion of healthy controls with a Western blot profile of a recent prior RSV infection significantly increased in the latter part of the RSV season. This suggests that many of these healthy women had been infected with RSV earlier in the current RSV season and, that by the time of study enrollment, sufficient time had elapsed to develop an RSV-specific antibody response.
Our study is limited in its size and duration. Because patients were enrolled at a single site over one RSV season, we were only able to capture eight women with PCR-confirmed RSV. However, this proportion is greater than that reported by other studies to date and, given our broad inclusion criteria, we were able to describe a range of RSV clinical manifestations. The case definition is limited in that it is dependent on self-reported symptoms, and LRTI was not confirmed by radiologic study. In addition, because serum samples were collected at the time of enrollment, only one serum sample was available for most patients, unless participants chose to re-enroll in the study at a later time. Given this, RSV case identification by serology was dependent on the number of serum samples provided: patients with sequential serum samples could be identified as having an acute serologic RSV infection, while patients with a single serum sample could be identified as having had a recent prior RSV infection.
In summary, RSV is a common cause of ARI during pregnancy with appreciable morbidity. Although the primary goal of maternal immunization against RSV is to protect young infants who are at increased risk for severe disease, a maternal RSV vaccine may also directly benefit pregnant women. As maternal RSV vaccine candidates move forward in evaluation, additional priority should be placed on evaluating the impact of RSV disease prevention in pregnant women.
